This study was performed to investigate the effect of different levels of dietary crude protein (CP) on composition of odorous compounds and bacterial communities in pig manure. A total of 48 male pigs (average initial body weight 45 kg) fed diets containing three levels of dietary CP (20%, 17.5%, and 15%) and their slurry samples were collected from the pits under the floor every week for one month. Changes in composition of odorous compounds and bacterial communities were analyzed by gas chromatography and 454 FLX titanium pyrosequencing systems, respectively. Levels of phenols, indoles, short chain fatty acid and branched chain fatty acid were lowest (p<0.05) in CP 15% group among three CP levels. Relative abundance of Bacteroidetes phylum and bacterial genera including Leuconostoc, Bacillus, Atopostipes, Peptonphilus, Ruminococcaceae_uc, Bacteroides, and Pseudomonas was lower (p<0.05) in CP 15% than in CP 20% group. There was a positive correlation (p<0.05) between odorous compounds and bacterial genera: phenol, indole, iso-butyric acid, and iso-valeric acid with Atopostipes, p-cresol and skatole with Bacteroides, acetic acid and butyric acid with AM982595_g of Porphyromonadaceae family, and propionic acid with Tissierella. Taken together, administration of 15% CP showed less production of odorous compounds than 20% CP group and this result might be associated with the changes in bacterial communities especially whose roles in protein metabolism.
INTRODUCTION
Intensive livestock systems have proven economically effective but many adverse effects have become evident, particularly of odor production and handling of livestock waste. From 2009 to 2013, the number of pigs has increased from 9,585 thousand to 10,097 thousand. As a consequence, animal manure also increased from 4,370 million tons in 2009 to 4,724 million tons in 2013 (MAFRA, 2013) . Swine farms accounted for more than 54% among the civil complains appeal for livestock odor (MAFRA, 2010) . Odor production can be affected by the type of pig house and manure treatment system. Most pig houses have been built with an opened ventilation system (76% of the total pig houses) and slatted floor system (52% of the total manure treatment systems) in Korea. The odoriferous gas is continuously released from the surface of the slurry and fouled floor surfaces (MAFRA, 2010) . To control livestock odor production, governments enacted strict regulations such as the livestock raising restricted zone (MEV, 2011) and the offensive odor control law (MEV, 2012) .
Odor is mainly produced by anaerobic bacterial fermentation of nutrients including feed residues, endogenous products and dead intestinal bacteria from the gastrointestinal tract (GIT) and pig manure (Le et al., 2007) . Odorous compounds consist of more than 230 materials (Schiffman et al., 2001 ) with four main groups: i) Sulfur compounds, ii) phenolic and indolic compounds, iii) volatile fatty acid (VFA), iv) ammonia and amines (Schiffman et al., 2001) . These groups are classified by odor intensity determined by the concentration of odorous compounds and the odor activity value (OAV), which represents the odor nuisance for each person (Trabue et al., 2006) . Carbohydrate is catabolized to short chain fatty acid (SCFA), CO 2 , H 2 , and CH 4 and protein is the precursor for SCFA, branched chain fatty acid (BCFA), phenols, indoles, sulfur, ammonia and amine (Jensen and Jørgensen, 1994) . Odoriferous compounds are mainly produced via the process of protein degradation rather than that of carbohydrate and a large amount of dietary protein (about 12 to 18 g per day) enters the GIT (Davila et al., 2013) . Endogenous protein sources including intestinal epithelial cells, enzymes and dead bacteria also contribute to production of malodorous compounds (Aarnink, 1997; Van der Meulen et al., 2008) . About 70% of N consumed is excreted by pigs, providing a nutrient source for bacterial fermentation resulting in generation of malodorous compounds (Aarnink, 1997) .
Large numbers of bacteria and their societies exist in GIT and manure of pigs which can be categorized into thousands of bacterial taxonomies (Gill et al., 2006) . Among the bacterial genera, Bacteroides, Clostridium, Propionibacterium, Fusobacterium, Streptococcus, and Lactobacillus play roles in regulating the protein metabolism (Riepe et al., 1980; Gaskins, 2001) . Although many efforts have been made to investigate the composition of the global microbial community in pig slurry, precise mechanisms of how these bacteria and their metabolites respond to the changes in dietary proteins are still unknown (Smith and Macfarlane, 1998; Edwards et al., 2004; Van der Meulen et al., 2008; David et al., 2013) . Recent molecular techniques, such as pyrosequencing analysis, have proven very effective for characterizing the microbial communities in pig manure. Therefore, by using these techniques, this study was performed to investigate the effect of different levels of dietary CP on the concentration of odorous compounds and the interrelationship between odorous compounds and bacterial communities in pig slurry.
MATERIALS AND METHODS

Experimental design, animals and diets
The experimental protocols describing the management and care of animals were reviewed and approved by the Animal Care and Use of National Institute of Animal Science. The composition of odorous compounds and bacterial communities in slurry of growing pigs fed different levels of CP (20%, 17.5%, and 15%) was analyzed. A total of 48 male pigs ([Landrace×Yorkshire]×Duroc) were randomly allocated into 3 levels of CP groups with 4 litters and 4 pigs per each treatment. The average initial body weight (BW) was 45 kg. Slurry pit under the slatted floor of pig house was separated for each litter. The wall ventilation rate of pig house was adjusted by automatic controller based on the inside room temperature and the humidity. The average temperature and relative humidity of pig house were maintained at 20°C to 25°C and 60%, respectively.
Diets were formulated according to the Korean Feeding Standard, Swine (NIAS, 2012) . Ingredient and nutrient composition for diets are shown in Table 1 . The amount of feed offered was 5% of BW, and feeding was divided into two equivalent meals per day. After a 10-d adaptation period which allows pigs to acclimatize to the experimental diets, the slurry pits were cleaned before collection started.
Slurry collection and odorous compounds analysis
Slurry collection: Sample collection was performed under the same condition across all treatments in this study. Slurry was collected from the pit of each litter per every week during 1 month of the experimental period. Slurry sample was stored in a freezer (-20°C) until analysis. Odorous compounds including VFA, phenols and indoles were measured by gas chromatography (GC).
Volatile fatty acid: Five milliliters of slurry sample was mixed with 1 mL of 25% meta-phosphoric acid (Sigmaaldrich, St. Louis, MO, USA) solution and 0.05 mL of saturated mercury (II) chloride (Sigma-aldrich, USA) solution in a 15 mL plastic tube. The mixed solution was then centrifuged at 4,000 rpm for 20 min at 20°C, and 1 mL of supernatant was transferred to 1.5 mL tube. The supernatant was subsequently centrifuged for 10 min at 12,000 rpm and filtered through a 0.2 μm filter (Whatman, Uppsala, Sweden). Filtrates were transferred to 2.0 mL GC vial (Agilent, Santa Clara, CA, USA). Concentration of VFA was analyzed using a GC (6890N, Agilent, USA) equipped with HP-INNOWax column (30 m×0.25 mm×0.25 μm, Agilent, USA) and flame ionization detector (FID). The oven temperature was programmed to initial temperature of 80°C for 2 min, increasing to 120°C at a rate of 20°C/min, increasing to 205°C at a rate of 10°C/min, and holding at 205°C for 2 min. The injection and detection ports were maintained at 250°C. The sample injection volume was 0.2 μL with a 10:1 split ratio.
Phenols and indoles: Slurry samples were centrifuged at 4,000 rpm for 20 min at 20°C. The 4 mL of supernatant was mixed with 4 mL of chloroform (Merck, Darmstadt, Germany) and 60 μL of 4 M sodium hydroxide (Sigmaaldrich, USA) solution in 20 mL glass vial. The mixed solution was centrifuged at 4,000 rpm for 20 min at 20°C, and chloroform layer was transferred to 2.0 mL GC vial (Agilent, USA). Phenols and indoles were analyzed using a GC (6890N, Agilent, USA) equipped with DB-1 column (30 m×0.25 mm×0.25 μm, Agilent, USA) and FID. The oven temperature was programmed to initial temperature of 40°C for 5 min, increasing to 230°C at a rate of 10°C/min, and holding at 230°C for 2 min. The injection and detection ports were maintained at 250°C. The sample injection volume was 2.0 μL with a 5:1 split ratio.
Bacterial community analysis
Polymerase chain reaction amplification for bar-coded pyrosequencing: Total genomic DNA from slurry samples was extracted using a Fast-DNA spin kit (MP bio, Santa Ana, CA, USA) according to the manufacturer's instructions. Also, PCR interfering substances such as humic acid were removed using a Power-Clean DNA Clean-Up kit (MP bio, USA). Bacterial 16S ribosomal RNA (16S rRNA) genes around 500 to 700 bp containing V1 to V3 of the variable region were amplified using primer set (forward 27F 5'-adaptor 2-AC-GAG TTT GAT CMT GGC TCA G-3', reverse 518R 5'-adaptor 1-AC-X-WTT ACC GCG GCT GCT GG-3') where "X" denotes unique 7 to 11 bar-code sequences inserted between the 454 Life Sciences adaptor A sequence and the common linkers, AC (Chun et al., 2010) . Polymerase chain reaction (PCR) amplification conditions were initially 1 cycle of 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s and 72°C for 30 s, and finally 1 cycle of 72°C for 7 min.
Pyrosequencing and data analysis: Pyrosequencing was performed by ChunLab (Seoul, Korea) using a 454 FLX titanium system (Roche, Pleasanton, CA, USA). Sequencing reads were assigned to specific samples based on their unique barcodes. Then barcode, linker and PCR primer sequences at both sides were removed from the original sequencing reads. The final pyrosequencing reads for subsequent analysis were selected by a filtering process where reads containing more than 300 base pairs and more than average quality score (value of 25). Taxonomic assignment of the bacterial high quality reads were performed using the EzTaxon-e database and a robust global pairwise sequencing alignment, coupled with the BLASTN search tool (http://www.ncbi. nlm.nih.gov/BLASTN). Sequences that could not be matched to the EzTaxon-e database at the species level (>97%) were subjected to a secondary process that checked for chimeric sequences using the UCHIME program (Edgar et al., 2011) . Operational taxonomic unit (OTU) was generated using CD-HIT program at a 97% similarity level. The Shannon-Weaver diversity index, Chao1 richness index and Goods library coverage were calculated by the Mothur package (Schloss et al., 2009 ).
Statistical analysis
Odorous compounds data was subjected to analysis of variance for a completely randomized design using general linear model procedures of SAS (SAS, 2002) . The concentration of odorous compounds was compared by significantly difference among means of treatment and control using Duncan's multiple range tests (Duncan, 1955 ). Pearson's correlation coefficient analysis using SAS (SAS, 2002) was used to link the relative abundance of bacterial species to the concentration of odorous compounds. The threshold for significance was p<0.05 for all measured variables.
RESULTS
Effects of dietary crude protein levels on concentration of odorous compounds in slurry
The effects of dietary treatments on phenols, indoles and VFA concentration are shown in Table 2 . In CP 20%, 17.5%, and 15% treatments, levels of phenols were 24.03, 28.84, and 15.58 mg/L (p<0.05), and indoles 3.67, 3.04, and 2.12 mg/L (p<0.05), respectively. The 15% CP treatment had lowest concentration of phenols and indoles, showing a decrease in phenols by 35% and indoles by 42% compared to CP 20% treatment, respectively. However, p-cresol concentration was greatest (p<0.05) in 17.5% CP group among other treatment groups. Concentration of VFAs including acetic acid, propionic acid, butyric acid, isobutyric acid and iso-valeric acid was increased as a greater amount of dietary CP was added to the experimental diets. Levels of SCFA and BCFA were lowest (p<0.05) in CP 15% compared to other groups.
Effects of dietary crude protein levels on change of bacterial community composition in slurry
Pyrosequencing data: To characterize patterns of bacterial community structure according to dietary CP levels of 20% and 15%, we performed a multiplex barcoded pyrosequencing technique based on 16s rRNA gene sequence on samples collected from slurry pit (Table 3) . Sequencing total reads classified into 9,858 and 13,167 sequences of CP 20% and CP 15% group, respectively. After the removal of low quality reads, 7,824 (CP 20% group) and 11,156 (CP 15% group) bacterial reads were used for further analyses (Table 3) . After trimming the PCR primers, the average read lengths were between 505 and 500 bases for CP 20% and CP 15% group, respectively. Although the number of bacterial reads was higher in CP 15% group than CP 20%, the number of OTUs, diversity (Shannon-Weaver index) and richness (Chao1) of bacterial communities were lower in CP 15% than CP 20% group. This result indicates the bacterial community of CP 15% group is simpler than that of CP 20% group.
Bacterial taxonomic composition: Taxonomic pyrosequencing profiles for bacterial communities from treatment groups are shown in Figure 1 and 2. At the phylum level (Figure 1 ), the predominant phylum was Firmicutes with relative abundance proportion of more than 70%, followed by Bacteroidetes and Proteobacteria. The relative abundance of Firmicutes was not affected by dietary treatment. The relative abundance of Bacteroidetes was lower (p<0.05) in CP 15% group (3.3%) compared to CP 20% group (12.1%), whereas Proteobacteria was lower (p<0.05) in CP 20% (6.8%) than CP 15% group (12.1%). More detailed differences are identified at the bacterial genus level (Figure 2 
Correlation of relative abundance of bacterial genus with odorous compounds from slurry
Results of correlation analysis between bacteria genus and generation of odorous compounds in the pig slurry are shown in Table 4 . Significant values of correlation coefficient were found between phenol, indole, iso-butyric acid and iso-valeric acid with Atopostipes, p-cresol and skatole with Bacteroides, acetic acid and butyric acid with AM982595_g of Porphyromonadaceae family, and propionic acid with Tissierella.
DISCUSSION
Attempts have been made to understand the process of odorous compound production and to control the bacterial composition both in pig GIT and manure. Since malodorous compounds are produced from anaerobic nutrient degradation by microbes, decreasing nutrient excretion is crucial for reducing odor (Sutton et al., 1999) . Especially, N excretion is the major factor for production of malodorous compounds since N excreta causes incomplete microbial degradation (Aarnink, 1997) . Therefore, this study was performed to identify the mechanisms by which microbes metabolize nutrients and to decrease the generation of odor by administration reduced CP level.
Reduced dietary CP level from 18% to 12% in pig feed decreased production of malodorous compounds including phenols, indoles, SCFA and BCFA by 40% in manure from growing pigs (Le et al., 2007) and finishing pigs (Hobbs et al., 1996) , Ziemer et al. (2009) . Concomitant to these data, levels of phenols, indoles, SCFA and BCFA were decreased by 35% to 40% in CP 15% group when compared with CP 20% group in our current study (Table 2) . Phenols, indoles and BCFA have greater odor intensity and nuisance with a lower odor detection threshold than other compounds (Jensen and Jørgensen, 1994; Le et al., 2005) . Indole, pcresol and skatole account for over 90% of the OAV among all volatile organic compounds (VOCs), which are emitted from pig buildings, manure storage sites and land application of manure. In particular, p-cresol is most responsible for the overall odor impact from the VOC emission (Trabue et al., 2008a,b; Parker et al., 2013) .
Undigested dietary protein and proteins of endogenous origin pass into the GIT, which accelerates the growth of Nutilizing bacteria that ferment protein to produce potentially malodorous compounds such as phenols, indoles and BCFA. Phenols and indoles absorbed in the large intestine are then detoxified by conjugation with glucuronic acid in liver and excreted via urine as glucuronides. In manure, urinary glucuronides are hydrolysed by fecal β-glucuronidase to release phenols and indoles (Le et al., 2005) . A positive correlation between dietary protein intake and urinary phenol excretion has been reported in pigs (Otto et al., 2003a) . The reduction in N excretion in response to reduced dietary CP levels also results in modulating bacterial fermentation in pig manure. (Sørensen and Fernández, 2003) . Therefore, a decrease in dietary CP concentration from 20% to 15% could be responsible for the reduction of phenols, indoles and BCFA that are metabolized during protein fermentation (Hernández et al., 2011) . Further studies are necessary to reduce the odor production using feeding strategies for optimal rather than maximum performance with optimal nutrient requirements according to growing stage or physiological state (Dourmad and Jondreville, 2007) .
Relationship between composition of odorous compounds and bacterial community was analyzed by a multiplex bar-coded pyrosequencing technique. Contrary to previous studies using the culture-based bacterial count techniques, pyrosequencing technique is cultureindependent and provides more precise information about the bacterial community dwelling in natural habitats. In particular, a multiplex bar-coded pyrosequencing technique based on 16s rRNA gene sequences can identify the bacterial community comprising as little as 1% of the total population (Hamady et al., 2008) . Therefore, this technique has been used to analyze the multiple bacteria in the large intestine and the manure, and to explore new bacterial communities related to the production of odorous compounds.
Nitrogen and amino acid from protein provides energy sources for the growth of saccharolytic and asaccharolytic bacteria (Scott et al., 2013) . Excessive supply of dietary CP to pigs can lead a vigorous growth of various intestinal bacteria since excessive or indigestible protein serves as a fermentation substrate for bacteria (Rist et al., 2013) . We found that diversity of the communities was lower in CP 15% group than CP 20% group (Table 3) suggesting that these communities are very sensitive to subtle changes in dietary CP levels fed to pigs.
Similar to previous reports (Lamendella et al., 2011; Ziemer, 2013) , bacterial taxonomic profiles identified in the current study showed that Firmicutes, Bacteroidetes, and Proteobacteria were the predominant species (Figure 1 ). Firmicutes and Bacteroidetes, which constitute the majority of the gut bacteria, are associated with carbohydrate and protein metabolism. Bacteria in these two phyla are used as a phylogenetic marker since their abundance is easily influenced according to the fermentation condition in GIT (Ramakrishna, 2013) . In our study, the relative abundance of Bacteroidetes was higher but Proteobacteria was lower in CP 20% group compared to CP 15% group.
Changes in bacterial abundance are correlated with the composition of malodorous compounds produced in pig manure. Skatole, one of the most malodorous compounds, can be produced during the process of deamination and decarboylation of tryptophan by bacterial strains of Bacteroidetes (Chung et al., 1975) . Conversely, Proteobacteria, which are intolerance to skatole, showed a relatively low abundance in samples with high levels (Attwood et al., 2006; Cook et al., 2007) . Most of bacterial genus produces VFA, phenols and indoles while they metabolize the amino acids.
Bacteroides, Propionibacterium, Clostridium, Eubacterium, and Streptococcus metabolize glycine, alanine, threonine, glutamate, lysine and aspartate to acetic acid. The microbial metabolism of amino acids also leads to formation of other VFAs; butyric acid from glutamate and lysine, propionic acid from alanine and threonine, iso-butyric acid from valine, and iso-valeric acid from leucine and isoleucine. In addition, Bacteroides, Lactobacillus, Bifidobacterium, Clostridium, and Peptostreptococcus generate phenols and indoles by metabolizing aromatic compounds such as tyrosine and tryptophan (Zhu, 2000; Le et al., 2005; Davila et al., 2013) . Leuconostoc, Bacillus, Atopostipes, Bacteroides, and Pseudomonas metabolize tryptophan to indole-3-lactate, and then to indole and skatole in animal feces (Chen and Russell, 1988; Starrenburg and Hugenholtz, 1991; Van der Meulen et al., 2008; Keseler et al., 2013) . Distribution of these indole-and skatole-producers was lower in CP 15% group than 20% group in our current study. Also, Bacillus, Bacteroides, and Pseudomonas produce BCFA through deamination of branched-chain amino acid such as leucine, isoleucine and valine (Macfarlane and Macfarlane, 1995; Van der Meulen et al., 2008; Keseler et al., 2013) . Bacteroides species secreting various amounts of protease decompose endogenous and exogenous proteins. The bacterial protease behaves akin to elastase and destroys maltase and sucrase from brush borders (Riepe et al., 1980; Gaskins, 2001) . Peptoniphilus, non-saccharolytic bacteria, can utilize protein as an energy source and produce BCFA and indole (Keseler et al., 2013) . When compared to Bacteroides, Clostridium, which takes a greater proportion in the lower CP group (15%) than in the higher CP group (20%), produces less amounts of SCFA, BCFA, and indoles (Cook et al., 2007; Keseler et al., 2013) . These results indicate that changes in dietary protein level modulate the composition of the bacterial community and the abundance of the relative microbial society. Consequently, in the 10 genera of representative genus which are different between 15% and 20% dietary CP group, the number of bacterial genera related to production of phenols, indoles and BCFA was fewer in CP 15% (1 genus) than in CP 20% (6 genera). Moreover, a total proportion of microbial abundance was lower in CP 15% (28%) than in CP 20% (35%).
The correlation analysis was performed to understand the association of odorous compounds with the relative abundance of bacterial genera in pig slurry (Table 4) . Phenol, indole, iso-butyric acid and iso-valeric acid were displayed a strong positive correlation with Atopostipes.
Atopostipes is a bacterial genus of Lactobacilliales order under the Bacilli class which is a gram positive bacterium. As a member of lactic acid bacteria, it metabolizes valine and tryptophan to BCFA and indole (Cotta et al., 2004; Keseler et al., 2013) . Atopostipes also showed a strong positive correlation with phenol in VOCs from chicken litter (Wadud, 2011) . Bacteroides, which is a genus of gram-negative and an obligately anaerobic bacteria, possesses an effective barrier to hydrophobic molecules and therefore can metabolize hydrophobic amino acids including tyrosine and tryptophan as well as aromatic amino acids into phenols, indoles and their precursors (Smith and Macfarlane, 1998; Van der Meulen et al., 2008) . Production of p-cresol and skatole is also positively correlated with Bacteroides. We found strong positive correlations in acetic acid and butyric acid with AM982595_g of Porphyromonadaceae family, and propionic acid with Tissierella. Members of Porphyromonadaceae family produce various VFAs. In particular, proteolytic bacteria of this family generates acetic acid, propionic acid and butyric acid from various amino acids (Sakamoto et al., 2009; Ziganshin et al., 2011) . Tissierella, a genus of gram-positive bacteria, first isolated from human feces, produces acetate as intermediates of creatinine breakdown (Harms et al., 1998) . These results indicate that there was a strong positive correlation between Atopostipes and Bacteroides with malodorous compounds including phenols, indoles and BCFA.
CONCLUSION
Results from the current study indicate that adjustment of dietary CP level affects the composition of odorous compounds as well as the bacterial community. Supplementation of 15% CP rather than 20% CP significantly reduced odorous compounds in pig slurry. Taxonomic pyrosequencing analysis revealed a strong relationship between odorous compounds and bacterial community. Altogether, it remains to be analyzed how gut bacteria and bacterial metabolites respond to dietary change, the subjects of the experiment mainly focused on feces of human and luminal content of ruminants (Smith and Macfarlane, 1998; Van der Meulen et al., 2008; Norrapoke et al., 2012) . Moreover, bacterial metabolites were mostly fatty acids and sulfur compounds (Alam et al., 2012) . Therefore our results provide valuable new information concerning the production of odor in the context of nutrient metabolism and bacterial ecology, and an important first step towards controlling odor production in pig manure. Further research will focus on identifying the precise mechanism of bacterial metabolism and exploiting the prediction model of odor production in pig houses.
